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Abstract
We report on a search for a high mass, narrow width particle that decays directly to eµ, eτ ,
or µτ . We use approximately 110 pb−1 of data collected with the Collider Detector at Fermilab
from 1992 to 1995. No evidence of lepton flavor violating decays is found. Limits are set on the
production and decay of sneutrinos with R-parity violating interactions.
PACS numbers: 11.30.Fs, 13.85.Rm, 14.80.-j, 14.80.Ly
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Particles that decay to eµ, eτ , or µτ occur in a number of extensions to the standard
model. Examples include Higgs bosons in models with multiple Higgs doublets [1, 2, 3],
sneutrinos in supersymmetric models with R-parity violation (RPV) [4, 5, 6], horizontal
gauge bosons [7], and Z ′ bosons [8]. In this paper we report results from a search based
on final states containing eµ. We are sensitive to eτ and µτ modes through τ → µνν
and τ → eνν respectively. We analyze data from pp collisions at center of mass energy
√
s = 1.8 TeV recorded with the Collider Detector at Fermilab (CDF) during the 1992 to
1995 Tevatron run. The integrated luminosity is approximately 110 pb−1.
The CDF detector has been described in detail elsewhere [9]. This analysis makes use
of several detector subsystems. The position of pp collisions along the beam line is mea-
sured in the vertex time projection chambers (VTX). The central tracking chamber (CTC),
located within the 1.4 T magnetic field of a superconducting solenoid, measures the mo-
mentum of charged particles. The transverse momentum resolution for muon and charged
hadron tracks in the pseudorapidity interval |η| < 1.1 that are constrained to originate at
the beamline is better than 0.1%× pT , where pT is measured in GeV/c and is the momen-
tum component transverse to the beam line. Sampling calorimeters surround the solenoid.
The central electromagnetic calorimeter (CEM) covers |η| < 1.1 and measures the energy
of electromagnetic showers with a resolution of about (13.7/
√
ET ⊕ 2)%, where ⊕ means
addition in quadrature and the transverse energy ET is measured in GeV. The transverse
energy is defined as E sin(θ), with E being the shower energy measured in the calorimeter
and θ the polar angle of the energy flow, from the pp interaction vertex to the calorimeter
deposition. Within the CEM, proportional chambers (CES) measure the transverse shape of
showers. Drift chambers located outside the calorimeters detect muons in the region |η| < 1.
A measure of the energy carried by neutrinos escaping the detector is the missing transverse
energy E/T , calculated from the vector sum of the energy depositions in the calorimeters and
the momentum of muon tracks.
Events containing an electron and a muon are recorded by an assortment of single lepton,
dilepton, and jet triggers [10]. We select events that have an electron with ET > 20 GeV, a
muon with pT > 20 GeV/c, and a primary pp interaction vertex within 60 cm of the center of
the detector. The electron and muon must have opposite charges. We identify electrons and
muons using criteria that retain efficiency for very high momentum particles [11]. Electrons
must have a shower contained within the sensitive region of the CEM and have a CTC
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track with pT > 13 GeV/c that matches the position of the shower in the CES. The CEM
determines the electron energy. Requirements on the pT of the associated CTC track are
kept loose because electrons can lose energy in the tracking volume due to bremsstrahlung.
In cases in which an electron has ET < 100 GeV or pT < 25 GeV/c there are additional
requirements: the lateral distribution of energy must be consistent with an electromagnetic
shower, and the ratio of energy measured in the calorimeter to the momentum measured in
the CTC must be less than four. Electrons that appear to be one leg of a photon conversion
— because the second leg is found or because the CTC track is not confirmed by hits in
the VTX — are removed. Muons must have a track in the CTC that originates from the
primary vertex and matches a track segment in the muon system. The energy along the
muon path through the calorimeters must be consistent with a minimum ionizing particle.
Electrons and muons are both required to be isolated from other energy deposition in the
calorimeter. The combination of triggers is, within one standard deviation, fully efficient for
events that satisfy the offline selection.
Backgrounds with two isolated high pT leptons arise from standard model production of
Z/γ, WW , WZ, ZZ, and tt. The cross sections for the first four of these processes are
calculated at next-to-leading order using MCFM v1.0 [12] and MRST99 parton distribution
functions [13]. The tt production cross section is taken from the parameterized formula of
Ref. [14] evaluated at the Tevatron average top quark mass of 174.3 GeV/c2 [15]. For each of
the five processes, the fraction of events expected to pass the offline selection (the acceptance)
is calculated by Monte Carlo using Pythia v5.7 [16], the CDF detector simulation, and
the same analysis software used to select events in the data. The efficiency of the lepton
identification requirements in the simulation is calibrated using electrons and muons from
Z decays. For each background process, the expected number of events is estimated to
be σBABnee/(σeeAee), where σB is the cross section for the background process, AB is the
acceptance for the background process, nee is the number of e
+e− events observed in the
data with a mass in the region of the Z peak, σee is the Z/γ cross section times branching
fraction to e+e−, and Aee is the acceptance for e
+e−. By normalizing to e+e− data we
eliminate uncertainties in the background level due to the integrated luminosity and the Z/γ
cross section times branching fraction to leptons, and we reduce the uncertainty from lepton
efficiencies. The tt,WW ,WZ, and ZZ cross sections are assigned uncertainies of 25%, 11%,
10%, and 10% respectively. Other uncertainties are from the detector model (6%), Monte
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Carlo statistics (2–4%), Z → ee statistics (2%), particle identification efficiencies (2%),
and trigger efficiencies (1%). The remaining backgrounds arise from particles produced in
jets. These include instrumental fakes and real leptons from b- and c-quark decays. All of
them are denoted false leptons. The false lepton backgrounds are estimated using a method
similar to that of Ref. [17], in which the probability for a false lepton to appear isolated is
measured in a control sample of dijet data.
In a WW or tt event, the electron and the muon, originating from different W bosons,
have largely independent directions, spin correlations not withstanding. To reduce these
backgrounds, we require that the angle between the electron and muon in the plane trans-
verse to the beam be at least 120 degrees. This is almost fully efficient for two-body decays
of a particle as heavy as the Z boson. For the eµ channel, there are no further requirements.
An eµ event is additionally classified as an eτ event if the angle between the E/T and the
muon, ∆φ(µ,E/T ), is less than 60 degrees. This eliminates events that are not consistent
with τ → µνν, since the tau is energetic enough that its decay products are nearly collinear.
Likewise, an eµ event is additionally classified as a µτ event if ∆φ(e, E/T ) < 60 degrees. The
distribution of ∆φ(e, E/T ) versus E/T is shown in Figure 1. Since the electrons and muons are
nearly back-to-back in φ, ∆φ(µ,E/T ) is approximately ∆φ(e, E/T ) + 180 degrees.
There are nineteen eµ candidates in the data. Four of these are also eτ candidates, and
twelve are also µτ candidates. The contributions of the various backgrounds to each channel
are listed in Table I. The dominant source of background is Z/γ → ττ where one tau decays
to eνν and the other to µνν. The small contribution from Z/γ → µµ is from cases in which
one muon is mistaken for an electron after radiating an energetic photon.
The distributions of the lepton pair masses mll′ are shown in Figure 2. For the eτ and µτ
hypotheses, mll′ is calculated assuming that the tau momentum components are p
τ
x = p
l
x+E/x,
pτy = p
l
y+E/y, and p
τ
z = p
l
z× (1+E/T/plT ), where pl is the momentum of the electron or muon
to which the tau is assumed to have decayed [2, 3]. The data show no indication of a signal
peak. The distribution of observed events is compared to the expected background shape
using a Kolmogorov test. The test statistic probability is 19%, 65%, and 74% for eµ, eτ ,
and µτ respectively, consistent with the absence of a signal.
As a specific signal model, we consider the process dd→ ν˜ → ll′ mediated by RPV inter-
actions [4, 5, 6]. The RPV sneutrino couplings allowed in the supersymmetric Lagrangian
are [λijk(ν˜
j
Le
k
Re
i
L − ν˜iLejRekL) + λ′ijkν˜iLd
k
Rd
j
L] + h.c. where the indices i, j, and k label gener-
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Source eµ eτ µτ
Z/γ → ττ 13.91 ± 0.99 5.20 ± 0.43 6.48 ± 0.59
Z/γ → µµ 0.27 ± 0.16 0 0.27 ± 0.16
WW 2.37 ± 0.32 0.42 ± 0.07 0.45 ± 0.08
WZ 0.13 ± 0.02 0.03 ± 0.01 0.04 ± 0.01
ZZ 0.024 ± 0.004 0.007 ± 0.001 0.007 ± 0.002
tt 1.34 ± 0.36 0.40 ± 0.11 0.35 ± 0.10
False e 0.85 ± 0.44 −0.04 ± 0.23 0.96 ± 0.32
False µ 0.98 ± 0.27 −0.06 ± 0.11 1.07 ± 0.25
Total Background 19.88 ± 1.42 5.95 ± 0.55 9.62 ± 0.81
Data 19 4 12
TABLE I: The expected number of background events and the observed number of candidates in
each channel.
ations; λijk is non-zero only for i < j; and mixing is ignored [4, 18]. Constraints on the
coupling strengths have been derived from measurements of low energy processes [18, 19].
The upper bound on the coupling that mediates dd→ ν˜τ is λ′311 < 0.11×
m
d˜R
100GeV
. The limit
is slightly stronger for λ′211 and much stronger for λ
′
111. Of the couplings that contribute to
ν˜µ,τ → ll′ those with the loosest bounds are λ132 < 0.062 × mµ˜R100GeV , λ231 < 0.070 ×
me˜R
100GeV
,
λ233 < 0.070× mτ˜R100GeV , and λ122 < 0.049×
mµ˜R
100GeV
. Limits on µ–e conversion in nuclei severely
restrict the λλ′ products that contribute to the eµ channel, for example |λ231λ′311| < 4.1×10−9
assuming sparticle masses of 100 GeV/c2 [20]. Searches at the CERN e+e− collider rule out
sneutrino masses mν˜ < 86 GeV/c
2 if any one (but only one) of the λ constants is non-zero
[21]. Previous CDF searches have examined scenarios with λ′121 [22] and λ
′
333 [23] non-zero.
We simulate the signal process by generating events using the heavy higgs (H ′) process in
Pythia. The H ′ decay table is modified to include each of the eµ, eτ , and µτ modes in turn
while all other decay channels are switched off. All initial states except for dd are inhibited.
Events are generated for nine particle masses mν˜ between 50 and 800 GeV/c
2. The events
are passed through the CDF detector simulation and the analysis software used for the data.
For each mν˜ and each decay mode, the mean and rms mll′ is computed. The rms widths
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of the eµ, eτ , and µτ mass distributions are 3, 6, and 7 GeV/c2 respectively for mν˜ = 100
GeV/c2. For mν˜ = 400 GeV/c
2 they are 30, 14, and 60 GeV/c2. The broadening with mν˜
is due to the muon pT resolution and, to a lesser degree, the electron energy resolution. At
low mν˜ the resolution for the eτ and µτ modes is poorer than for eµ due to the inclusion of
E/T . The eτ resolution degrades more slowly than the others because the muons from tau
decays have lower momenta.
To study the full range of mν˜ without gaps in which a signal might hide, we count events
within three standard deviations of the mean mll′ for a sequence of mν˜ values starting at 50
GeV/c2 with step size from the ith to the (i + 1)th value equal to one tenth of the rms of
the mll′ distribution at the ith point. The mean and rms of the mll′ distribution for each
mν˜ is linearly interpolated between values at the generated mν˜ points. A three standard
deviation window provides good statistical sensitivity while incurring little dependence on
any possible systematic errors in the width or mean.
For each decay mode we derive a 95% C.L. upper limit [24] on σ × B using the number
of events, expected background, and acceptance in the mass window corresponding to each
mν˜ point. Figure 3 shows the limits as a function of mν˜ . The limits on σ ×B(ν˜ → eτ) and
σ × B(ν˜ → µτ) are higher than the limit on σ × B(ν˜ → eµ) because of the tau branching
ratio to leptons and, particularly at low mν˜ , because the leptons from tau decays tend to
fall below the 20 GeV/c pT threshold.
As a benchmark, Figure 3 also shows the theoretical cross section times branching fraction
for dd → ν˜τ → e+µ− plus dd → ν˜τ → e−µ+ as a function of mν˜ in the case λ′311 = 0.1 and
λ132 = 0.05. The curve is obtained using next-to-leading order values of σ(dd → ν˜) for
λ′ = 0.01 [25, 26], which we scale by (λ′/0.01)2. B(ν˜ → eµ) is calculated assuming that
weak decays of the sneutrino are kinematically forbidden and that the only non-zero RPV
couplings are λ′311 and λ132.
In conclusion, we find no evidence for new particles with lepton flavor violating decays.
We set limits on the cross section for single sneutrino production times the branching frac-
tions B(ν˜ → eµ), B(ν˜ → eτ), and B(ν˜ → µτ) as a function of the sneutrino mass. For a
sneutrino mass of 200 GeV/c2, the 95% C.L. upper limits on σ×B are 0.14 pb, 1.2 pb, and
1.9 pb for the eµ, eτ , and µτ modes respectively.
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FIG. 1: The angle in the plane transverse to the beamline between the direction of the missing
energy and the electron versus the missing transverse energy: data (upper left); simulated Z/γ →
ττ → eµνν, the dominant background (upper right); and a hypothetical signal ν˜ → µτ → µeν
for a sneutrino mass of 100 GeV/c2 (lower left) and 200 GeV/c2 (lower right). The requirement
∆φ(e, µ) > 120◦ has already been imposed.
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FIG. 2: The reconstructed mass of the lepton pairs. The points show the nineteen eµ candidates
(upper), the four eτ candidates (lower left), and the twelve µτ candidates (lower right). The
histograms show the total background in each sample. The eτ and µτ samples have no events in
common; both are subsets of the eµ sample. E/T is used in computing τ momentum, as explained
in the text.
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FIG. 3: 95% C.L. upper limits on σ × B(ν˜ → eµ), σ × B(ν˜ → eτ), and σ × B(ν˜ → µτ) as a
function of sneutrino mass, together with the next-to-leading order cross section for the reference
parameters.
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